Monitoring of fluoride concentrations in groundwater, identification of sources, and monitoring of the impact of fluoride on human health was undertaken in Siloam Village, Limpopo Province, South Africa. Most of the inhabitants of Siloam Village rely on groundwater for domestic use due to inadequate pipe-borne water supply. A preliminary survey showing that some community members in Siloam Village have mottled teeth motivated the study. Temperature and pH were measured in the field while fluoride and calcium in groundwater were analysed in the laboratory. A survey was conducted to obtain information on the impact of fluoride on human health. 40% of the households and 1 primary school in Siloam Village were interviewed. Fluoride concentrations in groundwater samples were found to be higher than the Department of Water Affairs and World Health Organization recommended values for domestic use of 1 mg/ℓ and 1.5 mg/ℓ, respectively. The results of paired two-tailed t-tests showed significant differences between mean values of pH, temperature, calcium and fluoride concentrations for all paired comparisons between 3 sites, with the exception of comparisons between sites GW1 (community borehole) and GW2 (artesian spring). Alkaline pH, low calcium concentrations, high groundwater temperatures and semi-arid climatic conditions of the study area may cause elevated fluoride concentrations in groundwater, by increasing the solubility of fluoride-bearing formations (fluorite). A survey revealed that 87% of the households use groundwater while 85% of these have family members with mottled teeth. 50% of children between the ages of 11 and 14 in Siloam Primary School also have mottled teeth. There is thus evidence suggesting negative human health impacts of high fluoride concentrations in groundwater in Siloam Village. The majority of the community was found to be aware of the fluorides in groundwater and the health impacts thereof making interventions easy to promote.
Introduction
Groundwater is the most widely used source of drinking water in many rural communities in South Africa. Due to relatively arid conditions prevailing in Limpopo Province, 75% of the population has been shown to be dependent on groundwater as a source of water supply (Botha and Van Rooyen, 2001) . This is despite the fact that groundwater in most parts of South Africa is known to have high concentrations of fluoride causing a preponderance of dental fluorosis (WHO, 2000; Bailey et al., 2006; Rivett et al., 2006; Feenstra et al., 2007) . North West, Limpopo, and Northern Cape have been identified as provinces displaying high levels of fluorides in groundwater, often as high as 30 mg/ℓ (WHO, 2000) . Siloam Village is an example of a rural village in South Africa dependent on untreated groundwater for domestic use due to inadequate pipe-borne water supply. A preliminary survey showing that some of the community members in Siloam Village have mottled (discoloured) teeth motivated this study. Ncube and Schutte (2005) indicated that there is lack of adequate information on the status of fluoride in the country's groundwater resources and on the environmental and health impacts of fluoride. They assessed groundwater fluoride data from the Department of Water Affairs and Forestry's Water Management System database for the period 1996-2000, in order to establish the distribution of fluoride ion concentrations in groundwater and the impact of dietary fluoride on dental health in South Africa. Median fluoride values of groundwater sources were plotted on a GIS map to assess fluoride distribution across South Africa. The results indicated that the problem of high fluoride ion concentrations is prevalent in Limpopo, Northern Cape, North-West and KwaZulu-Natal Provinces, where large populations still live in rural areas and mostly use groundwater for drinking purposes. The current study assessed fluoride concentrations in groundwater at Siloam Village for the periods August-October 2006 and January-May 2007. Thus, the current study provides more detailed information on actual fluoride concentrations in the study area. The occurrence of dental fluorosis in the Free State, North West, KwaZulu-Natal and Western Cape Provinces was also assessed by Ncube and Schutte (2005) -Limpopo Province was omitted from this survey.
McCaffrey and Willis (2001) investigated the distribution of fluoride-rich groundwater in the North-West and Limpopo Provinces of South Africa. High fluoride concentrations in groundwater were attributed to several causes, including high fluorine content of aquifers, low groundwater flow rates, an arid and semi-arid climate increasing potential evaporation, and water with a high pH. Though the study covered northern regions of South Africa, it excluded Siloam Village.
The current study has investigated fluoride concentrations in Siloam Village, as an example of a typical rural village in South Africa with high fluoride concentrations, the likely sources of fluoride, the factors affecting concentration and the impacts on human health. Earlier studies, such as Mashai (2007) and Odiyo and Makungo (2009) , have shown high concentrations of fluoride in groundwater at Siloam Village. The study aimed at providing detailed, precise, accurate and reliable information on fluoride concentrations in Siloam Village. Such a study provides site-specific information that can be used to infer the scale of risk at the point of use and can therefore aid in planning appropriate intervention measures, unlike studies focused on wide geographical areas, which may not give site-specific representative distributions of fluorides and fluoride-related health problems.
In Siloam Village, groundwater is frequently used without treatment exposing the residents to excessive concentrations of fluoride. Groundwater does not form part of the bulk water supply to the village, and thus there is no provision for treatment. The bulk water supply from the communal stand pipes is, however, inadequate leading to communities using untreated groundwater. The community borehole provided by the municipality for groundwater supply on a small scale has never warranted a treatment plant and hence the community is left vulnerable to high concentrations of fluoride. There is also a widespread belief that groundwater is relatively safe from contamination, a fact that ignores geochemical pollution from the parent rock which constitutes the groundwater aquifer.
Study area
Siloam Village falls under quaternary catchment A80A of the Nzhelele River catchment which is located in the northern region of Limpopo Province, South Africa. The study area is found between latitudes 22°53'15.8'' S and 22°54'5'' S and longitudes 30°11'10.2'' E and 30°11'23.5'' E (Fig. 1) . Figure 1 shows the location of Siloam Village and the groundwater sampling points.
Methods
Groundwater samples were collected twice a month from the community borehole and an artesian spring from August to November 2006, and once a month from the community borehole, an artesian spring and a private borehole from January to May 2007. An extra sampling point (a private borehole) was included during the January-May 2007 sampling period in order to assess the spatial distribution of fluorides in groundwater. The 2 sampling periods were used to assess fluoride concentrations in the dry and wet seasons. Three samples were collected at each site and analyses were conducted in triplicate and the mean value calculated. The mean of the values from the 3 samples at each sampling site was recorded as the concentration/value for that particular month. The standard error of measurement (SEM) of the mean was computed to determine the reliability of the measured results.
Temperature and pH were measured in the field using a Multi 340i multimeter supplied by Wissenschaftlich Technische Werkstätten. The ion selective electrode method was used to analyse fluoride concentrations for the samples collected from August to October 2006. Concentrations of fluoride and calcium in groundwater samples collected from January to May 2007 were analysed using Intelligent 850 Professional Ion Chromatography (IC) supplied by Metrohm. Analysis with an Ion Selective Electrode was done at the University of the Witwatersrand before the IC was bought at the University of Venda. All of the equipment was calibrated following the manufacturer's guidelines. It was important to measure temperature, pH and calcium as they influence the concentration of fluorides in groundwater. The mean fluoride concentration for each sampling site was compared with the DWAF (1996) guidelines for domestic use to assess compliance.
The SEMs of the means for the period of analysis (AugustOctober 2006 and January-May 2007) for all sampling sites were also computed and the error bars plotted to infer the statistical significance of their means and to show the spatial variation of the mean concentration of each parameter across sampling sites. Paired two-tailed t-tests were used to confirm if there was a significant difference between the means recorded for each parameter between any 2 sampling sites (samples were paired between sites based on the time of sampling).
A community survey was conducted to obtain information on the extent of the impact of fluoride on human health in Siloam Village. Approximately 40% of the households (150 out of 400) and 100% of school learners (189 out of 189) from a primary school in Siloam Village were interviewed. A sample size of at least 40% is recommended by Salkind (1997), among others, to ensure a representative sample. One person per household was interviewed. The random sampling technique was followed when conducting the questionnaire survey. The questionnaire was used to obtain information on the number 733 of households and school learners who use groundwater, the number who have mottled teeth, and the general awareness and knowledge of treatment of mottled teeth. The percentages of households and learners who use groundwater, have mottled teeth, and displayed a general awareness of mottled teeth and knowledge of the treatment for mottled teeth were calculated.
Results and discussion

Fluoride concentrations and their sources
Figures 2-5 give the mean fluoride and calcium concentrations, pH and temperature in groundwater sampled from the community borehole (GW1), an artesian spring (GW2) and private borehole (GW3) for the periods August-November 2006 and January-May 2007, and their standard error bars (red lines). The SEM bars for all of the sampling sites are short indicating high precision of the measurements (Cumming et al., 2007) .
The mean fluoride concentrations for GW1, GW2 and GW3 are 5.1, 5.6 and 1.7 mg/ℓ, respectively (Fig. 6) . The fluoride concentrations at all of the sampling points were higher than the DWAF (1996) and WHO (2006) guidelines for domestic use of 1 mg/ℓ and 1.5 mg/ℓ, respectively. Fluoride concentrations exceeding 1.5 mg/ℓ cause dental mottling with associated tooth damage due to softening of enamel, while concentrations exceeding 4 mg/ℓ cause severe tooth damage (especially to the temporary and permanent teeth of infants), softening of the enamel and dentine and skeletal fluorosis, especially with continuous use of water (DWAF, 1996) . Thus, the fluoride concentrations recorded in groundwater in Siloam Village constitute a major health risk. The results indicate persistence of high fluoride concentrations in groundwater even during the wet season when dilution occurs (Fig. 2) . The fluoride concentrations at GW3 were, however, lower than the concentrations at GW1 and GW2. GW1 and GW2 are the main sources of groundwater for Siloam Village; thus high fluoride concentrations in groundwater from these sites constitute a major health risk to the majority of Siloam Village community members, though water from GW3 also contains fluoride concentrations >1.5 mg/ℓ. Residents of Siloam Village who rely on groundwater are therefore vulnerable to fluorosis. Figure 2 shows that fluoride concentrations at GW1 decreased during the wet season (October-March) and increased to a level of slightly greater than 5 mg/ℓ during part of the dry period (April-May 2007) . Similar levels of fluorides were recorded in part of the dry period of 2006 (AugustSeptember).This shows the effects of dilution and concentration associated with the wet and dry seasons, respectively.
The mean calcium concentrations for GW1, GW2 and GW3 were 4.4, 2.4 and 70.4 mg/ℓ, respectively. Calcium concentrations for GW1 and GW2 were lower than that for GW3 (Fig.  7) . Low calcium concentrations increase the solubility of CaF 2 which increases the concentration of fluorides in groundwater. Chae et al. (2007) reported that the thermodynamic relationship between Ca 2+ and F − ions indicates that fluoride concentration is controlled by equilibrium of fluorite. When the water is saturated with respect to fluorite or is at equilibrium with fluorite, the low calcium concentration leads to higher fluoride concentrations (Nezli et al., 2009) . High fluoride concentrations are therefore expected in groundwater from aquifers with low calcium concentrations. In groundwater with a high concentration of calcium, fluoride concentration rarely exceeds 1 mg/ℓ (Rivett et al., 2006) . Figure 8 shows the relationship between calcium and fluoride concentrations at the 3 sites sampled. The calcium The mean pH values for GW1, GW2 and GW3 were 8.7, 8.4 and 6.9, respectively (Fig. 9) . The mean pH values for both GW1 and GW2 are for the periods September-November 2006 and January-March 2007, while the mean pH value for GW3 is for the period January-March 2007. The period SeptemberNovember falls partly in both the dry and wet seasons while January-March is in the wet season. In groundwater with pH >8 and dominated by sodium ions and carbonate species, fluoride concentrations commonly exceed 1 mg/ℓ, and concentrations in excess of 50 mg/ℓ have been recorded in South Africa (Rivett et al., 2006) . Areas of clay-rich soils with high sodium content lining internal drainage areas close to the Limpopo River are found within the Nzhelele area (Ashton et al., 2001) where Siloam is located. Weathering and leaching of fluoride-bearing minerals in rock formations under alkaline environments lead to the enrichment of fluoride in groundwater (Raju et al., 2009) . This is because decreased calcium concentrations occur under alkaline conditions (Jacks et al., 2005) , which increases the solubility of fluoride-bearing formations thereby increasing fluoride concentrations in groundwater. A study by Saxena and Ahmed (2003) showed that an alkaline pH ranging from 7.4 to 8.8 resulted in high fluoride concentrations (1.7 to 6.1 mg/ℓ) in groundwater sources in India. Alkaline pHs which increased the solubility of fluoride-bearing formations likely contributed to increased fluoride concentrations at GW1 and GW2 in this study.
The mean temperatures at GW1, GW2 and GW3 for January-March 2007 were 35.3, 63.86 and 26.9°C, respectively (Fig. 10) . The high temperatures at GW2 indicate that it is a thermal spring. Olivier et al. (2008) found that a number of thermal springs in the Waterberg area of the Limpopo Province of South Africa have high concentrations of fluoride. High temperatures increase the solubility of fluoride-bearing formations thereby increasing the fluoride concentrations in groundwater. Thermal waters, especially those of high pH, are rich in fluoride (Edmunds and Smedley, 1996) . Though the temperature values for GW2 are higher than those for GW1, their fluoride concentrations throughout the sampling period are generally high and comparable (Fig. 2) . This is likely to be due to the fact that their calcium concentrations and pHs are also generally low and high, respectively, and comparable (see Figs. 3 and 4) , resulting in high fluoride concentrations. GW3 has relatively low temperatures (Fig. 5) associated with low fluorides availability as observed in Fig. 2 . The fluoride concentrations in the artesian 735 spring (GW2) seem to not be seriously affected by the variation in rainfall between wet and dry seasons (Fig. 2) . This can be attributed to the fact that groundwater in the spring appears to be originating from the deep layers of the aquifer where temperatures are very high.
Studies such as Vasak et al. (2006) and Madhnure et al. (2007) have indicated that arid climates characterised by high evaporation rates are associated with high fluoride concentrations in groundwater. In arid/dry conditions groundwater flow is low and the reaction time of groundwater with the rock is long (Vasak et al., 2006) . This creates more time for dissolution of the fluoride-bearing formations. High evaporation rates (associated with high temperatures) reduce the amount of rainwater available to recharge the groundwater aquifers thereby reducing the dilution effect of surface water on groundwater chemical composition. These climatic conditions apply to Siloam Village which is located on the leeward side of the Soutpansberg Mountains and is semi-arid with low and unpredictable rainfall (average 350-400 mm/a), high temperatures and high evaporation rates (1 300-1 400 mm/a). Thus, the climatic conditions at Siloam Village result in a reduced dilution effect on ground water chemical composition, and increased fluoride concentrations.
The SEM bars for all of the sampling sites for the period of analysis are shown in Figs. 6, 7, 9 and 10. The SEM bars were plotted to check whether the variations in the mean values are statistically significant. The SEM bars for all of the figures (Figs. 6, 7, 9 and 10) do not overlap, with the exception of mean fluoride valuess for GW1 and GW2. Non-overlapping SEM bars do not indicate the presence or absence of statistical significance (Motulsky, 2007) . Overlapping SEM bars indicate a lack of significance, where sample sizes are equal or nearly equal (Motulsky, 2007) . Thus, based on the SEM bars (Fig. 6) , there is no significant difference between the mean fluoride concentrations for GW1 and GW2 (sample sizes were equal for all of the sites).
A two-tailed test was necessary to confirm whether there is any significant difference between the means of the other variables measured for all of the sampling sites. The results of the paired two-tailed test are shown in Table 1 . There was a significant difference (p< 0.001) between mean fluoride concentrations for GW2 and GW3, mean calcium concentrations for GW1 and GW3, and GW2 and GW3, mean pH for GW1 and GW3 and mean temperature for GW1 and GW3, and GW2 and GW3 (Table  1 ). Mean temperature was significantly different (0.001<p<0.01), and mean pH was significantly different (0.01<p<0.05) between GW1 and GW2, whereas there was no significant difference (p>0.05) between the fluoride and calcium concentrations at these sites. Mean fluoride concentration differed significantly (0.01<p<0.05) between GW1 and GW3, and pH differed significantly (0.001<p<0.01) between GW2 and GW3.
Evaluating the impacts of fluorides on human health
The results of the questionnaire survey conducted in Siloam Village to evaluate the impact of fluorides on human health are shown in Tables 2 and 3 . The sample size represents the number of households (HH) or school leaners that were interviewed in the current study. The results show that of the 87% of households that use groundwater, 85% have members with mottled teeth. 50% of school learners between the ages of 11 and 14 also have mottled teeth.
52.7% of the respondents indicated that 1-5 people in their households had mottled teeth; 91% of the respondents have neighbour(s) with mottled teeth while 77.3% are aware of the presence of mottled teeth in residents of Siloam Village (Table  3) . The results of the survey also showed that residents of Siloam Village are aware of the problems associated with the use of groundwater containing high fluoride levels and 80% of the respondents have knowledge about treatment of mottled teeth (Table 3) . Lack of a reliable and adequately-treated water supply forces the residents to resort to the use of untreated groundwater.
Conclusion
Groundwater sources in Siloam Village have fluoride concentrations exceeding the DWAF (1996) guidelines for domestic use. The likely source of fluorides is fluorite mineral which is found in igneous and sedimentary rocks dominant in the study area. Alkaline pH, low calcium concentrations, high groundwater temperatures and semi-arid climatic conditions of the study area likely contribute to high fluoride concentrations in groundwater, by increasing the solubility of fluoride-bearing formations and decreasing dilution effects due to rainwater. The results of the questionnaire survey conducted in Siloam Village show that of the 87% of households that use groundwater, 85% have members with mottled teeth. 50% of school learners between the ages of 11-14 also have mottled teeth. Questionnaire survey results generally indicate that majority of residents of Siloam Village are aware of the presence of mottled teeth, its causes and treatment. This should facilitate education of residents to avoid ingesting high concentrations of fluoride by using only defluoridised water or avoiding the use of untreated groundwater for cooking or drinking. 
